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Abstract 

The physical-chemical properties of activated sludge, such as flocculating ability, hydrophobicity, surface charge, 
settleability, dewaterability and bacteria extracellular polymer substances (EPS), play vital roles in the normal operation of 
wastewater treatment plants (WWTPs). The nanoparticles released from commercial products will enter WWTPs and can 
induce potential adverse effects on activated sludge. This paper focused on the effects of copper nanoparticles (CuNPs) on 
these specific physical-chemical properties of activated sludge. It was found that most of these properties were unaffected 
by the exposure to lower CuNPs concentration (5 ppm), but different observation were made at higher CuNPs 
concentrations (30 and 50 ppm). At the higher CuNPs concentrations, the sludge surface charge increased and the 
hydrophobicity decreased, which were attributed to more Cu 2+ ions released from the CuNPs. The carbohydrate content of 
EPS was enhanced to defense the toxicity of CuNPs. The flocculating ability was found to be deteriorated due to the 
increased cell surface charge, the decreased hydrophobicity, and the damaged cell membrane. The worsened flocculating 
ability made the sludge floes more dispersed, which further increased the toxicity of the CuNPs by increasing the availability 
of the CuNPs to the bacteria present in the sludge. Further investigation indicated that the phosphorus removal efficiency 
decreased at higher CuNPs concentrations, which was consistent with the deteriorated physical-chemical properties of 
activated sludge. It seems that the physical-chemical properties can be used as an indicator for determining CuNPs toxicity 
to the bacteria in activated sludge. This work is important because bacteria toxicity effects to the activated sludge caused by 
nanoparticles may lead to the deteriorated treatment efficiency of wastewater treatment, and it is therefore necessary to 
find an easy way to indicate this toxicity. 
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Introduction 

It is well-known that the activated sludge process is the most 
commonly used method for biological wastewater treatment in 
wastewater treatment plants (WWTPs). Pollutants such as organic 
matter, heavy metals, nitrogen and phosphorus can be removed 
via absorption or degradation by the microbes in the activated 
sludge system using different technologies. The enhanced biolog- 
ical phosphorus removal (EBPR) is one of the most used methods 
to remove phosphorus to keep water bodies from eutrophication 
[1]. It is characterized by circulation of activated sludge between 
anaerobic and aerobic conditions. In general, microorganisms 
responsible for EBPR release soluble orthophosphorus (SOP) 
under anaerobic conditions and then take up SOP from bulk 
liquid to build up intracellular polyphosphate under aerobic 
stages. The net phosphorus removal can be achieved by 
discharging excess sludge with high phosphorus content because 
the aerobic phosphorus uptake is greater than the anaerobic 
phosphorus release. 

The maintenance of stable physical-chemical properties of 
activated sludge has reported to be important for ensuring the 
normal operation of WWTPs [2] . Activated sludge usually exists as 
floes, which are the aggregates of suspended solids containing 



different groups of microorganisms and organic /inorganic parti- 
cles [3]. The flocculating ability, hydrophobicity, surface charge, 
settleability, dewaterability and bacteria extracellular polymer 
substances (EPS) are the main physical-chemical properties of 
activated sludge that are regularly monitored [4,5]. These 
properties are important for multiple reasons: The hydrophobicity 
and surface charge are vital for forming the activated sludge floes 
and keeping their stability [6,7]. Good flocculating ability can 
separate the particles from the treated wastewater and clarify the 
effluent turbidity. The EPS can protect microbial cells against the 
harsh external environmental conditions, such as the exposure of 
heavy metals or chemicals [8,9] . It has also been reported that the 
bioflocculation, settling and dewatering capacities of activated 
sludge are affected by change in the EPS [10]. The operation 
condition and wastewater composition have been observed in the 
literature to affect sludge characteristics, leading to a wide 
variation in physical-chemical properties [11,12]. Because of the 
considerable variations among wastewaters, it is important to seek 
general indicators that may be used for daily monitoring. 

Recently, nanoparticles (NPs) with at least one dimension less 
than 100 nm have been applied increasingly in various fields 
including personal care, commercial, pharmaceutics, and military 
[13]. Their adverse impacts on the human and environment have 
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attracted many concerns due to their release, and many 
researchers have been conducted to investigate their potential 
toxicity effects. The released NPs would enter into WWTPs via 
civil sewage systems. Studies regarding the removal of NPs and the 
existing species of NPs in WWTPs have been conducted recendy 
[14-16]. Also, in recent literature, the influences of NPs on 
activated sludge [17-19], the change of bacterial community 
structure [20,21], the changes of chemical oxygen demand (COD), 
the removals of nitrogen and phosphorus were reported [19,22- 
24] . Among various NPs, CuNPs are one of the most important 
engineered nanoparticles which are used in a wide range of 
applications including fungicides, cosmetics, printers, and elec- 
tronics [25]. However, the effect of CuNPs on sludge physical- 
chemical properties has never been reported. 

The objectives of this study were to investigate the influences of 
CuNPs on the physical-chemical properties (such as EPS, surface 
charge, hydrophobicity, flocculating ability, setdeability and 
dewaterability) of activated sludge. In addition, possible mecha- 
nisms were explored to explain the changes of sludge physical- 
chemical performances induced by different concentrations of 
CuNPs, and the possible influence of these property changes on 
biological phosphorus removal. 

Materials and Methods 

Ethic Statement 

The original seed sludge used in the EBPR reactor was 
withdrawn from the secondary sedimentation tank of Qu Yang 
Municipal WWTP in Shanghai, China. All necessary permits for 
collection of the sludge from this system were granted by Qu Yang 
Municipal WWTP and Shanghai Municipal Construction Bureau. 
All field work has been conducted according to the relevant 
national guidelines. 

Copper Nanoparticles 

Commercially produced CuNPs (99.9% purity, 20-40 nm) were 
purchased from Alfa Aesar. The X-ray diffraction (XRD) analysis 
of the CuNPs was conducted using a Rigaku D/Max-RB 
diffractometer equipped with a rotating anode and a Cu Koc 
radiation source, which investigated the presence of CuO and 
CujO coating on the Cu core, and the result is shown in Figure SI 
in File SI. The stock suspension of CuNPs (200 mg/L) was 
prepared by dispersing 0.2 g of NPs in 1 L MilliQ-water, followed 
by 2 h of ultrasonication (25°C, 500 W, 20 kHz). The average 
diameter of NPs in the stock suspension was determined to be 
128 nm by dynamic light scattering (DLS) analysis using a 
Malvern Autosizer 4700 (Malvern Instruments, UK). 

Relative Hydrophobicity and Surface Charge of Activated 
Sludge 

The parent sequencing batch reactor was operated over 100 d 
with synthetic wastewater (see Supporting Information for details) 
and achieved stable biological phosphorus removal efficiency 
(>99%). The relative hydrophobicity of activated sludge was 
determined by microbial adhesion to hydrocarbons (MATH) 
assay, which was performed with n-hexadecane (Sigma, purity 
>99%) [26], and was calculated as the percentage of the cells 
adhering to hexadecane: (1 — B/A)*100%. After batch experiments 
with CuNPs in the EBPR (see Supporting Information) were 
conducted, the sludge was washed twice and resuspended in 
phosphate buffer (0.2 M, pH 7.4). The initial absorbance of sludge 
at 600 nm was measured as A. Then 5 mL of this sludge 
suspension was mixed with 1.5 mL hexadecane and vortexed for 
1 min. After 15 min incubation at 30°C, the aqueous phase was 



carefully separated from the above hydrocarbon phase, and the 
aqueous absorbance of 600 nm was measured as B. 

The net surface charge (SC) of sludge floes was measured by 
colloidal titration [5]. A 1 mL sludge sample, diluted to 100 mL, 
was blended with an excess amount of polybrene (5 mL, 0.001 M, 
Sigma), followed by back titration with polyvinyl sulphate 
(0.001 M, Sigma) to a colorimetric endpoint indicated by 
Toluidine Blue (change in color from blue to pink). The titration 
was terminated when electrical neutrality was reached, as 
indicated by the change of color from blue to pink. An equal 
volume of polybrene in distilled water was used as blank. The SC 
was expressed as milliequivalents per gram of mixed liquid 
suspended solids (MLSS) of negative colloidal charge [meq/g 
MLSS]. 

Extraction of EPS and Excitation-Emission Matrix (EEM) 
Fluorescence Spectroscopy Analysis 

A heat extraction methods was used to extract the EPS of 
activated sludge [27]. The concentrations of protein and 
carbohydrate in the EPS extraction were respectively measured 
by the modified Lowry method and phenol-sulphuric acid method 
[28]. At the end of the batch experiments, the EPS was extracted 
and measured using EEM fluorescence spectroscopy to charac- 
terize the structure of EPS with luminescence spectrometry (F- 
4600 FL Spectrophotometer, Hitachi, Japan) [29] . Particulates in 
samples were removed using a 0.45 um polytetrafluoroethylene 
(PTFE) membrane prior to EEM tests. To obtain the fluorescence 
of EEM, The excitation and emission slits were set to a 5-nm 
band-pass and the scanning speed was 1200 nm/min. The 
excitation and emission wavelengths were incrementally increased 
from 200 to 450 nm and 200 to 550 nm at 5 nm and 0.5 nm 
steps, respectively. 

Flocculating Ability of Activated Sludge 

The method of estimating the flocculating ability (FA) of sludge 
was modified according to the literature [5]. Briefly, the 80 mL 
sample of sludge with a MLSS concentration of 3 g/L was 
transferred into a beaker placed on an ice bath and sonicated at an 
output level of 50 W for 15 s. A 10 mL aliquot of the suspension 
was centrifuged at 1200 rpm for 2 min and the absorbance of the 
supernatant was measured at 650 nm (C). The rest of the 
sonicated suspension was stirred on a magnetic stirrer, which 
was kept at a constant speed, and was set at a low level to keep the 
sludge in suspension and to allow reflocculation at ambient 
temperature for 15 min, after which a 10 mL aliquot was analyzed 
in the same way as before (D). The FA of the sludge floes was 
calculated as FA = (1-D/C)*100%. 

Specific Growth Rate 

The specific growth rate (u) was measured according to the 
method in the literature [30]. It was assumed that all ammonia- 
nitrogen (NH3-N) was used for the growth (the nitrification was 
inhibited by thiourea) and it was the only possible source of 
nitrogen. Based on this assumption, the active biomass was 
calculated considering the molecular formula for biomass 
C5H7NO2, which means that 8 mg of biomass contains 1 mg of 
N [31]. Thus, the consumed NH 3 -N can be converted to the newly 
increased biomass. Batch experiments were conducted with 
exposures of 0, 5, 30 and 50 ppm of CuNPs. The initial 
concentrations of NH 3 -N and thiourea were set as 35 and 
10 mg/L, respectively. The concentrations of NH 3 -N were 
measured every half hour and the consumed NH 3 -N in the 
aerobic stage was used to calculate the specific growth rate since 
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the NH 3 -N in the anaerobic stage had almost no consumption. 
The average specific growth rate was calculated as: 

where X stands for the initial active biomass (mg), AX stands for 
the newly increased biomass (mg), and At stands for the 
corresponding time (h). 

Specific Oxygen Uptake Rate (SOUR) 

The SOUR was measured following the modified method 
according to the literature [32]. In brief, 3000 mg/L of activated 
sludge amended with 0, 5, 30 and 50 ppm of CuNPs was fully 
aerated, and 1 00 mL of the fully aerated mixed liquor was added 
to the biological oxygen demand (BOD) bottle. The dissolved 
oxygen (DO) value in each bottle was measured at 1 min intervals 
until the DO was completely exhausted. The SOUR can be 
calculated by using the equation: 



SOUR-- 



-60G 



where G is the slope of the linear portion of the DO decline curve 
in mg/(L min), X is the biomass concentration in g/L, and the unit 
for the SOUR is mg 0 2 /(g MLSS.h). 

Cell Membrane Integrity Assay 

The cell membrane integrity of activated sludge was assayed by 
measuring the lactate dehydrogenase (LDH) release [33]. The 
LDH cytotoxicity detection kit (Roche Applied Science) was used 
to determine the LDH release according to the manufacturer's 
instruction. At the end of the experiments, the aliquots were 
centrifuged at 1 2000 g for 5 min and the supernatant was 
transferred to a 96-well plate, followed by adding 50 uL of 
substrate mixture (Roche Applied Science). Then 50 uL of stop 
solution (Roche Applied Science) was added to each well after 
incubation at room temperature for 30 min in dark, and the 
absorbance was recorded at 490 nm using a microplate reader 
(BioTek, USA). 

Analytical Methods 

The analyses of soluble orthophosphorus (SOP), NH 3 -N, sludge 
volume index (SVI), MLSS, and mixed liquid volatile suspended 
solids (MLVSS) were conducted according to Standard Methods 
[34]. The capillary suction time (CST) was analyzed by CST 
instrument (model IFP-9050, Venture Innovations Ltd., USA) 
with Whatman No. 1 7 filter paper. The activated sludge amended 
with CuNPs was freeze dried and the surface morphology of 
sludge was imaged by the Environmental Scanning Electron 
Microscopy (ESEM, FEI QUANTA 250). 

Statistical Analysis 

All tests were performed in triplicate and the results were 
expressed as mean ± standard deviation. An analysis of variance 
(ANOVA) was used to test the significance of results, and p<0.05 
was considered to be statistically significant. 

Results and Discussion 

Effects of CuNPs on the EPS of Activated Sludge 

The EPS carry negative charge at neutral pH value due to their 
negative charged functional groups. They can interact with cations 



in wastewater, forming the bridges, which can help to aggregate 
and stabilize the matrix of biopolymers and microbes, and 
therefore promoting the bioflocculation. EPS mainly include 
proteins, carbohydrates, humic acids and nucleic acids. As there 
were little amounts of humic acids and nucleic acids, the sum of 
protein and carbohydrate was considered as the total EPS in this 
study. It can be seen in Table 1 that the content of protein was 
almost kept constant under the exposure of different concentra- 
tions of CuNPs when compared to the control test (p>0.05, see 
Table SI in File SI, statistical analysis). However, the amount of 
carbohydrate was enhanced with CuNPs, which resulted in the 
ratios of protein to carbohydrate declining from 5.2 (control) to 4.4 
(30 ppm CuNPs), and then further to 3.8 (50 ppm CuNPs). 

The data in Table 1 indicated that protein was the main 
component of EPS. It contains large quantities of aromatic 
structures, which have fluorescence characteristics. In this paper, 
the EEM was utilized to investigate the influence of CuNPs on the 
EPS structure. The main fluorescence peaks are shown in Figure 1, 
and the intensities of these peaks are illustrated in Table S2 in File 
SI. Peak A (Ex~280 nm, Em~355 nm) originated from the 
protein-like substances containing tryptophan, and peak B 
(Ex~275 nm, Em~440-445 nm) and peak C (Ex~355 nm, 
Em~445 nm) were related to humic acid-like organic compounds. 
The fluorescence intensity of peak A quenched to 82.6%, 53.0%, 
and 45.4% of the control under the exposure of 5, 30, and 50 ppm 
of CuNPs, respectively. While the intensities of Peak B and Peak C 
had no significant variation. It was reported that the fluorescence 
quenching was induced by the binding of metal ions, which 
changed the electronic polarization of both the metal and the 
binding site, and the binding capacity was indicated by quenching 
degree [35]. Therefore, CuNPs or their dissolved Cu 2+ ions 
showed strong binding capacity on EPS. In addition, the 
fluorescence peaks of organic compounds under the exposure of 
metal ions were reported to have red or blue shifts because of their 
structure change [36,37]. The data in Table S2 in File SI showed 
that the fluorescence of peak A and C had no shift and peak B only 
had a slight emission wavelength red shift (from 440 nm to 
445 nm) in the presence of CuNPs, indicating that CuNPs or the 
dissolved Cu 2+ ions had no significant effect on the structure of 
EPS. 

Effects of CuNPs on the Surface Charge and 
Hydrophobicity of Activated Sludge 

It was reported that the amount of carbohydrate in EPS was 
increased and the protein kept constant when sludge bulking 
occurred, resulting in the sludge surface charge increasing from 
— 0.7 to —0.3 meq/g-VSS with the decreased ratio of protein to 
carbohydrate from 1.25 to 0.6 [38]. As shown in Table 2, similar 
result was observed in this study, which was that the ratio of 
carbohydrate to protein was decreased from 5.2 to 3.8, and the 
surface charge was increased from —0.69 to —0.38 meq/g MLSS 
as the concentration of CuNPs was increased from 0 ppm to 
50 ppm. Besides, 5, 30 and 50 ppm of CuNPs could dissolve the 
Cu + cations of 0. 1 3, 0.65 and 0.98 ppm in synthetic wastewater 
(see experiment of CuNPs dissolution in synthetic wastewater, 
Supporting Information), and the dissolved Cu 2+ would bind on 
the sludge surface negative functional groups, making a contribu- 
tion to the increased surface charge. 

Sludge surface hydrophobicity plays an important role in the 
bioflocculation as the hydrophobic interactions are important for 
the attachment of bacteria to the surface [4] . Generally, since the 
hydrophobic molecules are non-polar, they less readily mix in 
water compared to the polar molecules, and should contribute to 
the biding together of sludge floes [7]. Cell surface charge has been 
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Table 1. Effects of CuNPs on the EPS Content of Activated Sludge.' 







Control 


CuNPs (5 ppm) 


CuNPs (30 ppm) 


CuNPs (50 ppm) 


Protein b 


182.1 ±2.1 


182.6 ±2.0 


181.9±1.5 


184.3 ±3.4 


(% of the control) 


(100) 


(100.3) 


(99.1) 


(101.3) 


Carbohydrate b 


35.2±1.5 


36.5 ±1.6 


41.8±2.0 


48.2 ±2. 2 


(% of the control) 


(100) 


(103.7) 


(118.8) 


(136.9) 


Total EPS b 


217.3±1.8 


219.1 ±3.3 


223.7±3.3 


232.5±5.5 


Protein/Carbohydrate 


5.2 


5.0 


4.4 


3.8 



a The data reported are the averages and their standard deviations in triplicate tests. 
b The units of protein, carbohydrate, and total EPS are mg COD/g MLSS. 
doi:1 0.1 371 /journal.pone.0092871 .t001 



reported to be related with hydrophobicity of bacteria. Consid- 
ering the surface charge is related to the ionizable groups present 
on sludge surfaces, it increases the polar interaction of EPS with 
water molecules, and therefore, cells with a largely negative 
surface charge will appear more hydrophobic [7] . Table 2 showed 
that the measured relative hydrophobicity tended to decrease from 
81.7% (the control) to 61.2% (50 ppm of CuNPs), which was 
consistent with the increased surface charge observed in this 
investigation. 



Effects of CuNPs on the Flocculating Ability of Activated 
Sludge 

The successful operation of biological wastewater treatment is 
governed by the ability of bacteria to induce floe formation to 
facilitate the separation of particles from the treated wastewater. 
As seen in Figure 2, different concentrations of CuNPs exerted 
different effects on bioflocculation. The exposure of 5 ppm of 
CuNPs showed a positive role in bioflocculation, while 30 and 
50 ppm of CuNPs decreased the flocculating ability. It was 
documented that EPS composition, cell hydrophobicity and 
surface charge were related to the bioflocculation of sludge, and 



Ex (run) 




400 450 

Em (nm) 



Figure 1. The EEM profiles of sludge EPS under the exposure of different CuNPs concentrations. 

doi:1 0.1 371 /journal.pone.0092871. gOOl 
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Table 2. Effects of CuNPs on Surface Charge and Relative Hydrophobicity of Activated Sludge. 3 







Control 


CuNPs (5 ppm) 


CuNPs (30 ppm) 


CuNPs (50 ppm) 


Surface Charge (meq/g MLSS) 


-0.69 ±0.021 


-0.63±0.021 


-0.52±0.02 


-0.38±0.021 


Relative Hydrophobicity (%) 


81.7±2.1 


79.5 ±1.5 


70.8±2.0 


61.0±2.1 



a The data reported are the averages and their standard deviations in triplicate tests. 
doi:1 0.1 371 /journal.pone.0092871 .t002 



higher hydrophobicity and lower cell surface charge were in favor 
of bioflocculation [38,39]. Under the exposure of 5 ppm of 
CuNPs, no significant variation occurred in the properties of EPS, 
surface charge and hydrophobicity. Additionally, the dissolved 
Cu 2+ ions from CuNPs could function as the bridges between the 
negative charged functional groups on the surface of bacteria and 
help to aggregate the microbes, thus the promoted bioflocculation 
was observed at 5 ppm of CuNPs. However, these properties 
performed differently under the exposure to 30 and 50 ppm of 
CuNPs. The increased cell surface charge weakened the strength 
between EPS and cations, and the decreased hydrophobicity 
decreased the hydrophobic interactions between microbial surfac- 
es, which would deteriorate the flocculating ability of activated 
sludge. Besides the CuNPs would induce the changes of these 
properties, it has been proven that the toxicity of NPs could 
change the cell membrane of bacteria, which would lead to the 
death of cell [40]. Thus, the exerted toxicity under the exposure of 
higher concentrations of CuNPs might be another reason for the 
declined flocculating ability, which will be investigated next. 

The possible toxicity of CuNPs to activated sludge process was 
examined by monitoring the changes of specific growth rate and 
specific oxygen uptake rate since these measurements permitted 
instantaneous responses to the injection of toxins [41,42]. As 
shown in Figure 3A, 5 ppm of CuNPs had no significant adverse 
effects on the specific growth rate and specific oxygen uptake rate 
when compared with the control (see Table S3 in File SI, 



40 




Control 5 ppm 30 ppm 50 ppm 



CuNPs 

Figure 2. The effect of CuNPs on the flocculating ability of 
activated sludge. Error bars represent standard deviations of 
triplicate measurements. 
doi:1 0.1 371 /journal.pone.0092871 .g002 



statistical analysis). However, the specific growth rate was 
decreased to 65.0% and 53.6% of the control, and the SOUR 
was declined to 84.3% and 69.8% of the control under the 
exposure of 30 and 50 ppm of CuNPs, respectively. Thus, higher 
concentrations of CuNPs showed inhibitory effects on the activity 
of activated sludge microorganisms, which was consistent with the 
phenomenon of detrimental bioflocculation. Usually, microbes 
exert the defensive response to alleviate the toxicity. EPS can serve 
as the protective layer of activated sludge, and some metal ions or 
metal nanoparticles have been reported to enhance the production 
of EPS to reduce their toxicity by immobilizing the metals [37,43]. 
Therefore, the increased EPS content observed in this study might 
be stimulated by the toxicity of CuNPs. 

The cell surface plays a vital role in the bioflocculation since it 
occurs between microbe surfaces. Further investigation on the 
integrity of cell membrane was conducted via LDH release and the 
surface morphology. Figure 3B showed that the LDH release (cell 
membrane damage marker) was enhanced with the increase of 
CuNPs, indicating that the cell leakage occurred (Table S4 in File 
SI, statistical analysis). The surface morphology images by ESEM 
analyses (Figure 3C) confirmed that higher concentrations of 
CuNPs (30 and 50 ppm) could damage cell membrane since cell 
dehydration and morphology changes were observed. Thus, the 
damaged cell membrane might contribute to the bioflocculation 
deterioration as well. Besides, the toxic CuNPs or dissolved Cu 2+ 
might occupy the biding sites of Ca + or Mg z+ in the wastewater 
on the cell surface, resulting in the Ca 2+ /Mg 2+ -cation-induced 
bioflocculation weakening, which might be another reason for the 
deceased flocculating ability. 

Effects of CuNPs on the Settling and Dewatering 
Capacities of Activated Sludge 

In the literature different observations were made between 
bioflocculation and settieability/dewaterability of activated sludge. 
For example, some researchers reported that high flocculating 
ability was in favor of settling and dewatering capacities, while 
others found that there was no direct relationship between them 
for some activated sludges [4,44] . In this study the data in Figure 4 
indicated that the setdeability of activated sludge was un-affected 
by CuNPs even at 50 ppm exposure when compared with the 
control (see Table S5 in File SI, statistical analysis). However, the 
dewatering capacity was decreased under 50 ppm of CuNPs 
exposure, and no significant variation occurred at the concentra- 
tions of 5 and 30 ppm (see Table S5 in File SI, statistical analysis). 
Thus, the exposure of CuNPs of these different concentrations had 
no effects on settlability, while the dewaterability was detrimented 
at high concentration exposure (50 ppm). 

Since the physical-chemical properties changed, especially the 
declined flocculating ability, the activated sludge was apt to exist as 
dispersive small particles, providing a larger area to interact with 
CuNPs, which might enhance the toxicity of NPs to bacteria. 
Therefore, the exerted toxicity of CuNPs showed detriment to the 
flocculating ability of activated sludge, and the deteriorated 
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Specific Growth Rate Specific Oxygen Uptake Rate Control 5 ppm 30 ppm 50 ppm 



C 




Figure 3. The toxic effect of CuNPs on activated sludge. The microbial activity was measured by the specific growth rate and specific oxygen 
uptake rate (A); the cell integrity was assessed by the LDH release (B) and the ESEM images (C). Asterisks indicate statistical differences (p<0.05) from 
the control, and error bars represent standard deviations of triplicate tests. 
doi:1 0.1 371 /journal.pone.0092871 .g003 



bioflocculation might strengthen the toxicity of CuNPs in turn. 
Thus, the changes in the physical-chemical properties, especially 
the flocculating ability, can be considered as an indicator of the 
toxicity induced by the CuNPs. 

Since the physical-chemical properties were deteriorated, such 
as the decrease of flocculating ability and the damage of cell 
membrane, the treatment efficiency of activated sludge, such as 
the phosphorus removal efficiency might be influenced. As seen in 
Figure 5, the presence of 5 ppm of CuNPs had no significant 
impact on phosphorus removal. However, 30 and 50 ppm of 



CuNPs had serious effects on both anaerobic and aerobic 
phosphorus transformations. The anaerobic phosphorus release, 
compared with the control (127.2 mg/L), was decreased respec- 
tively to 1 12.6 and 100.0 mg/L at 30 and 50 ppm of CuNPs, and 
there was no phosphorus uptake occurred in the aerobic stage. 
Thus, higher concentrations of CuNPs (30 and 50 ppm) had 
serious inhibition to phosphorus removal, which was consistent 
with the detrimental physical-chemical properties. Therefore, 
using the deteriorated physical-chemical property as an indicator 
of the toxicity of CuNPs to activated sludge was reasonable. 




Control 5 ppm 30 ppm 50 ppm 
SVI 



Control 5 ppm 30 ppm 50 ppm 
CST 



Figure 4. The effects of different concentrations of CuNPs on the settling and dewatering of activated sludge. Error bars represent 
standard deviations of triplicate tests. 
doi:1 0.1 371 /journal.pone.0092871 .g004 
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T(h) 



Figure 5. Effects of CuNPs on phosphorus anaerobic release 
and aerobic uptake during one cycle of EBPR process. Error bars 
represent the standard deviations of triplication tests. 
doi:1 0.1 371 /journal.pone.0092871 .g005 

Conclusions 

The above studies indicated that most of the physical-chemical 
properties of activated sludge were unaffected by the exposure of 
lower CuNPs (5 ppm). However, these properties had different 
performances at higher CuNPs (30 and 50 ppm). It was observed 
that the hydrophobicity was decreased, the sludge surface charge 
and the EPS content were enhanced, and the flocculating ability 
was deteriorated. The worsened flocculating ability made the 
sludge floes more prone to exist as dispersed form, which could 
further increase the toxicity of CuNPs. Further investigation 
indicated that the phosphorus removal efficiency was declined at 
higher CuNPs, which was in line with the deteriorated physical- 



chemical properties of activated sludge. Thus, the exposure of 
CuNPs to WWTPs resulted in the changes of physical-chemical 
properties of activated sludge, which provided an easy and simple 
method to assess the risk induced by nanoparticles. 

Supporting Information 

File SI Combined file of supporting figures and tables. 

Figure S 1 . The XRD pattern of the CuNPs used in this study. 
Table S 1 . The statistical analysis results of different concentrations 
of CuNPs affecting the content of the protein, carbohydrate and 
the total EPS (compared with the control). Table S2. Effects of 
CuNPs on the fluorescence spectral parameters of EPS. Table S3. 
The statistical analysis results of different concentrations of CuNPs 
affecting the specific growth rate and specific oxygen uptake rate 
(compared with the control). Table S4. The statistical analysis 
results of different concentrations of CuNPs affecting the LDH 
release (compared with the control). Table S5. The statistical 
analysis results of different concentrations of CuNPs affecting the 
settling (SVI) and dewatering (CST) (compared with the control). 
(ZIP) 

Acknowledgments 

We acknowledge Leiyu Feng and Dongbo Wang for experiment design, 
and Naidong Xiao for his help on experiment operation; Jingyang Luo, 
Lanqin Yang, Yinglong Su and anonymous reviewers for helpful comments 
on our manuscript. 

Author Contributions 

Conceived and designed the experiments: HC YC XZ. Performed the 
experiments: HC ML KL. Analyzed the data: HC YC XL. Contributed 
reagents/materials/analysis tools: HC ML KL XL. Wrote the paper: HC 
YC XZ. Equipment maintenance: ML KL XL. 



References 

1. Oehmen A, Lemos PC, Carvalho G, Yuan Z, Keller J, ct al. (2007) Advances in 
enhanced biologieal phosphorus removal: From micro to macro scale. Water 
Res 41: 2271-2300. 

2. Mikkclscn LH, Keiding K (2002) Physico-chemical characteristics of full scale 
sewage sludges with implieations to dewatering. Water Res 36: 2451-2462. 

3. Biggs GA, Lant PA (2000) Activated sludge flocculation: On-line determination 
of floe size and the effect of shear. Water Res 34: 2542-2550. 

4. Jin B, Wilen BM, Lant P (2003) A comprehensive insight into floe characteristics 
and their impact on compressibility and settleability of activated sludge. Chem 
EngJ. 95: 221-234. 

5. Wilen BM,Jin B, Lant P (2003) The influence of key chemical constituents in 
activated sludge on surface and flocculating properties. Water Res 37: 2 127— 
2139. 

6. Jorand F, Boue-Bigne F, Block JG, Urbain V (1998) Hydrophobic /hydrophilic 
properties of activated sludge exopolymeric substances. Water Sci Technol 37: 
307-315. 

7. Urbain V, Block JC, Mancm J (1993) Biofloceulation in activated sludge: an 
analytic approach. Water Res 27: 829-838. 

8. Yan Q, Yu D, Wang ZL, Zou H, Ruan WQ_ (2008) Phenol inhibition and 
restoration of the bioactivity of anaerobic granular sludge. Appl Biochem 
Biotech 150: 259-265. 

9. Mu H, Zheng X, Ghen YG, Chen H, Liu K (2012) Response of anaerobic 
granular sludge to a shock load of zinc oxide nanoparticles during biological 
wastewater treatment. Environ Sci Technol 46: 5997-6003. 

10. Keiding K, Wybrandt L, Nielsen PH (2001) Remember the water-a comment 
on EPS colligative properties. Water Sci Technol 43: 17-23. 

11. Zita A, Hermansson M (1994) Effects of ionic strength on bacterial adhesion and 
stability of floes in a wastewater activated sludge system. Appl Environ Microbiol 
60: 3041-3048. 

12. Hoa PT, Nair L, Visvanathan C (2003) The effect of nutrients on extracellular 
polymeric substance production and its influence on sludge properties. Water Sa 
29: 437-442. 

13. Brumfiel G (2006) Consumer products leap aboard the nano bandwagon. 
Nature 440: 262-262. 



14. Kaegi R, Voegelin A, Sinnet B, Zuleeg S, Hagendorfer H, et al. (201 1) Behavior 
of metallic silver nanoparticles in a pilot wastewater treatment plant. Environ Sci 
Technol: 3902-3908. 

15. Kim B, Park C-S, Murayama M, Hochella MF (2010) Discovery and 
characterization of silver sulfide nanoparticles in final sewage sludge products. 
Environ Sci Technol 44: 7509-7514. 

16. Ganesh R, Smcraldi J, Hosseini T, Khatib L, Olson BH, ct al. (2010) Evaluation 
of nanocopper removal and toxicity in municipal wastewaters. Environ Sci 
Technol 44: 7808-7813. 

17. Liang Z, Das A, Hu Z (2010) Bacterial response to a shock load of nanosilver in 
an activated sludge treatment system. Water Res 44: 5432-5438. 

18. Yang X, Cui F, Guo X, Li D (2013) Effects of nanosized titanium dioxide on the 
physicochemical stability of activated sludge floes using the thermodynamic 
approach and Kelvin probe force microscopy. Water Res 47: 3947-3958. 

19. Zheng X, Su Y, Chen Y (2012) Acute and chronic responses of activated sludge 
viability and performance to silica nanoparticles. Environ Sci Technol 46: 7182- 
7188. 

20. Xiong Zheng YC, Rui Wu (2011) Long-term effects of titanium dioxide 
nanoparticles on nitrogen and phosphorus removal from wastewater and 
bacterial community shift in activated sludge. Environ Sci Technol. 

21. Chen Y, Chen H, Zheng X, Mu H (2012) The impacts of silver nanoparticles 
and silver ions on wastewater biological phosphorous removal and the 
mechanisms. J Hazard Mater 239-240: 88-94. 

22. Zheng X, Chen Y, Wu R (2011) Long-term effects of titanium dioxide 
nanoparticles on nitrogen and phosphorus removal from wastewater and 
bacterial community shift in activated sludge. Environ Sci Technol 45: 7284- 
7290. 

23. Zheng X, Wu R, Chen Y (2011) Effects of ZnO nanoparticles on wastewater 
biological nitrogen and phosphorus removal. Environ Sci Technol 45: 2826- 
2832. 

24. Chen Y, Chen H, Zheng X, Mu H (2012) The impacts of silver nanoparticles 
and silver ions on wastewater biological phosphorous removal and the 
mechanisms. J Hazard Mater 239-240: 88-94. 

25. Project on Emerging Nano technologies. Nanotech-enabled consumer products 
continue to rise, http://www.nanotechproject.org/news/ archive/9231/. Ac- 
cessed 2011 March 10. 



PLOS ONE | www.plosone.org 



7 



March 2014 | Volume 9 | Issue 3 | e92871 



Influence of CuNPs on Activated Sludge 



26. Rosenberg M, Gutnick D, Rosenberg E (1980) Adherenee of bacteria to 
hydrocarbons: A simple method for measuring cell-surface hydrophobicity. Ferns 
Microbiol Lett 9: 29-33. 

27. Li XY, Yang SF (2007) Influence of loosely bound extracellular polymeric 
substances (EPS) on the flocculation, sedimentation and dewaterability of 
activated sludge. Water Res 41: 1022-1030. 

28. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement 
with the Folin phenol reagent. J Biol Chem 193: 265-275. 

29. Shcng GP, Yu HQ_(2006) Characterization of extracellular polymeric substances 
of aerobic and anaerobic sludge using three-dimensional excitation and emission 
matrix fluorescence spectroscopy. Water Res 40: 1233-1239. 

30. Serafim LS, Lemos PC, Oliveira R, Rcis MAM (2004) Optimization of 
polyhydroxybutyrate production by mixed cultures submitted to aerobic 
dynamic feeding conditions. Biotcchnol Bioeng 87: 145—160. 

31. Henze M, Harremoes P, Cour Janscn J, Arvin E, editor (1995) Wastewater 
treatment: biological and chemical processes. Heidelberg: Springer. 

32. Tong J, Chen Y (2007) Enhanced biological phosphorus removal driven by 
short-chain fatty acids produced from waste activated sludge alkaline 
fermentation. Environ Sci Technol 41: 7126-7130. 

33. Woltcrbeek HT, van der Meer AJGM (2005) Optimization, application, and 
interpretation of lactate dehydrogenase measurements in mierowell determina- 
tion of cell number and toxicity. Assay Drug Dcv Technol 3: 675—682- 

34. APHA (1998) Standard methods for the examination of water and wastewater, 
20th ed. American Public Health Association: Washington, DC. 



35. Cabaniss SE (1992) Synchronous fluorescence spectra of metal-fulvic acid 
complexes. Environ Sci Technol 26: 1133—1139. 

36. Wu FC, Midorikawa T, Tanoue E (2001) Fluorescence properties of organic 
ligands for copper(II) in Lake Biwa and its rivers. Geochem J 35: 333-346. 

37. Chen H, Zheng X, Chen Y, Mu H (2013) Long-term performances of enhanced 
biological phosphorus removal with increasing concentrations of silver 
nanoparticles and ions. RSC Advances 3: 9835-9842. 

38. Shin H-S, Kang S-T, Nam S-Y (2000) Effect of carbohydrates to protein in EPS 
on sludge settling characteristics. Biotcchnol Bioproeess Eng 5: 460-464. 

39. Liao BQ, Allen DG, Droppo IG, Lcppard GG, Liss SN (2001) Surface 
properties of sludge and their role in biofloceulation and settleability. Water Res 
35: 339-350. 

40. Duan JC, Yu YB, Li Y, Yu Y, Li YB, et al. (2013) Toxic effect of silica 
nanoparticles on endothelial cells through DNA damage response via Chkl- 
Dcpcndent G2/M Checkpoint. PLoS ONE, 8. 

41. Sani RK, Peyton BM, Brown LT (2001) Copper-induced inhibition of growth of 
Desulfovibrio desulfuricans G20: Assessment of its toxicity and correlation with 
those of zinc and lead. Appl Environ Microbiol 67: 4765—4772. 

42. Madoni P, Davoli D, Guglielmi L (1999) Response of sOUR and AUR to heavy 
metal contamination in activated sludge. Water Res 33: 2459-2464. 

43. Joshi PM, Juwarkar AA (2009) In vivo studies to elucidate the role of 
extracellular polymeric substances from azotobactcr in immobilization of heavy 
metals. Environ Sci Technol 43: 5884-5889. 

44. Bruus JH, Nielsen PH, Keiding K (1992) On the stability of activated sludge 
floes with implications to dewatering. Water Res 26: 1597-1604. 



PLOS ONE | www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e92871 



